antibiotic-treated wFem females had a ZZ karyotype, implying reduced survival Introduction 70 Genomes of sexually reproducing organisms are exposed to genetic conflicts. 71 For example, some genes bias reproduction towards male offspring while other 72 genes within the same genome may favor reproduction of more daughters. 73 Selfish genetic elements (SGEs), such as meiotic drivers, cytoplasmic sex ratio 74 distorters and transposons, are extreme examples, which enhance their own 75 transmission often at the expense of their hosts' fitness (1, 2) . There is growing 76 evidence that SGEs, and the resulting genetic conflict, trigger important 77 evolutionary change and innovation in eukaryotes (2). 78 Meiotic drive is a distortion of Mendelian inheritance as it leads to the 79 more frequent inheritance of one copy of a gene than the expected 50% (3, 4) . A 80 meiotic drive factor that sits on a sex chromosome biases the sex ratio. For 81 example, X chromosome drive and Y chromosome drive in flies (Diptera), result 82 in female-biased and male-biased sex ratios, respectively (4). In 83 male-heterogametic species, meiotic drive factors are expected to be encoded in 84 the nuclear genome. In female-heterogametic species, however, W 85 chromosome and cytoplasm behave as a single linkage group and thus W 86 chromosome drive can theoretically also be caused by cytoplasmic elements. chromosomes in the mitotic complement of C males (Fig. 1B; 2n = 62) . No 134 painted W chromosome was observed in interphase nuclei (Fig. 1H, I) , the 135 mitotic complement (Fig. 1C ) and pachytene complement (Fig. 1L ) of CF 136 females, but the Ket signal appeared on the single Z chromosome in the mitotic 137 complement (Fig. 1C ) and Z univalent in the pachytene complement ( Fig. 1L) . 138 Based on the relative read counts homologous to Bombyx mori Z-linked and 139 autosomal genes in females and males, our genome sequencing data support 140 the notion that CF and C females have one Z chromosome (Figs. 1M-O; Table   141 S1), which is consistent with genomic qPCR data based on two loci, 142 Triosephosphate isomerase (Tpi) and Ket, relative to the autosomal gene EF-1α 143 (11). Thus, our results directly reveal the sex chromosome constitution of C 144 females, C males, and CF females as WZ, ZZ, and ZO, respectively. This 145 conclusion disproves previous interpretations based on the W-body diagnosis 146 alone that C and CF females possess WZ and ZZ sex chromosome constitutions, 147 respectively (8, 10). 148 149 CF females deposit exclusively ZO eggs 150 Previously, the high number of survivors among the offspring of CF females 151 (compared with those of C females) has been the only reason to exclude 152 male-killing during embryonic or later stages as a possible reason for this 153 outcome (10-12). We performed real-time genomic qPCR (to detect or Ket relative to autosomal EF-1α) on individual fertilized eggs, and found that C 155 females oviposited eggs with either one or two Z chromosomes at nearly equal 156 frequencies ( Fig. 2A, left; Fig. S2 ). In contrast, all eggs deposited by CF females ranged from approximately 0.5-1.0, indicating that some eggs are ZO and 166 others are ZZ ( Fig. 2A, right; Fig. S2 ). This suggests that the Wolbachia strain 167 wFem in CF females causes the exclusive production of ZO embryos. Therefore, 168 our finding is the first empirical evidence that in a female-heterogametic species 169 meiotic drive can also be caused by cytoplasmic elements (5, 6) . Furthermore, 170 Wolbachia-like structures were observed near the chromosomes in CF females 171 while less apparent in C females and C males, and this may represent different 172 tropism and function of wFem when contrasted with wCI (Fig. 1C) . 173 Sixty-nine adults (15 females and 54 males) were obtained from 174 offspring produced by five tet-treated adult CF females ( Fig. 2B ). Three of these 175 tet-treated females produced only male offspring. Exclusive production of males 176 was previously observed in tet-treated E. mandarina females derived from a 177 different population on Okinawa-jima Island, Okinawa Prefecture, Japan (8). In 178 this study, we obtained 15 female offspring from two broods in the first days after 179 tet treatment; however, the mothers produced more males as the duration of tet 180 treatment increased, and eventually produced only males. Examination of the 181 Z-linked gene dose of these offspring by genomic qPCR showed that the 182 females had one Z chromosome, whereas almost all of the males had two Z 183 chromosomes (Fig. 2C ). The nucleotide sequences of the introns of the Tpi gene 184 strongly suggested that, in brood 19-1, all females (n = 12) were hemizygous 185 and nine out of 10 males were heterozygous ( Fig. 2C ; Table S2 ). Curiously, one 186 male (21m) that exhibited the lowest gene dose of Ket (0.588) appeared to be 187 hemizygous ( Fig. 2C ). These results suggest that the emerged females had a 188 ZO sex chromosome constitution, whereas most males had a ZZ sex 189 chromosome constitution, with one exception (21m) of either ZO or ZZ' (Z' 190 represents partial deletion/mutation in Z). These results also demonstrate that, in 191 principle, tet-treated adult CF females can oviposit eggs with either a ZO or ZZ 192 sex chromosome constitutions ( Fig. 2A, right) . However, ZO individuals appear 193 to have zero or very low survival rates because few emerge as adults. 194 195 Involvement of Wolbachia in the sex determination of Eurema mandarina 196 Next, we fed CF larvae a tet-containing diet. As previously observed (10), all individuals treated in this way developed an intersex phenotype at the adult 198 stage, typically represented with male-like wing color and incomplete 199 male-specific structure on wing surface ( Fig. 3E and H; Fig. S3 ). The qPCR 200 assay to assess the Z-linked gene dose revealed that these intersexes (n = 23) 201 had just one Z chromosome (Fig. 3I ), and therefore a ZO genotype. Because 202 these ZO individuals were destined to develop as females without tet treatment, 203 wFem is likely to be responsible for female sex determination. 204 Further evidence in support of this idea was obtained by examining the 205 sex-specific splicing products of dsx (Fig. S4 ), a widely conserved gene Exclusive production of ZO embryos by CF females suggests that the 220 cytoplasmically induced meiotic drive effect of wFem occurs before oviposition. 221 However, its underlying mechanism remains unclear. Parthenogenesis can be 222 excluded because the Z chromosomes are transmitted from their fathers (11). 223 We believe that two mutually exclusive hypotheses can account for the 224 phenomena observed in E. mandarina (Fig. 4 ). The first assumes that, in CF 225 females, an O gamete that does neither bear a maternal Z chromosome, nor any 226 sex chromosome in general, is always selected to become an egg pronucleus 227 (meiotic drive sensu stricto) ( Fig. 4A) (15) . The second assumes that meiosis 228 itself is normal, and that maternal Z chromosomes, or sex chromosomes in general, are selectively eliminated from Z-bearing gametes during, or possibly 230 after, meiosis ( Fig. 4B ). Based on the terminology of meiotic drive established in 231 the population genetics literature, the second scenario can also be referred to as 232 meiotic drive (cf. male meiotic drive in Diptera and Mus musculus (3, 4) , in which 233 gametes that do not carry a driver are selectively inactivated after normal 234 meiosis). At present, it is unclear which of the two hypotheses (meiotic drive 235 sensu stricto or elimination of the maternal Z at a later stage) is more plausible. 236 However, it is noteworthy that, in the moth Abraxas grossulariata, a matriline 237 consisting of putative ZO females produced only females or a great excess of 238 females, and the underlying mechanism was considered to be the selective 239 elimination of Z chromosomes (16) (17) (18) (19) . In A. grossulariata, the presence of Whole genome sequencing and de novo assembly 359 We performed whole genome sequencing for three types of E. mandarina 360 individuals (CF females, C females and C males) collected on Tanegashima 361 Island, Japan (Fig. S1) The numbers of adults that failed to emerge from their pupal cases are in parentheses. *Signals for Emdsx F were faint.
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